Nonsegmented negative-sense (nsNS) RNA viruses typically replicate within the host cell cytoplasm and do not have access to the host mRNA capping machinery. These viruses have evolved a unique mechanism for mRNA cap formation in that the guanylyltransferase transfers GDP rather than GMP onto the 5 end of the RNA. Working with vesicular stomatitis virus (VSV), a prototype nsNS RNA virus, we now provide genetic and biochemical evidence that its mRNA cap methylase activities are also unique. Using recombinant VSV, we determined the function in mRNA cap methylation of a predicted binding site in the polymerase for the methyl donor, S-adenosyl-L-methionine. We found that amino acid substitutions to this site disrupted methylation at the guanine-N-7 (G-N-7) position or at both the G-N-7 and ribose-2-O (2-O) positions of the mRNA cap. These studies provide genetic evidence that the two methylase activities share an S-adenosyl-L-methioninebinding site and show that, in contrast to other cap methylation reactions, methylation of the G-N-7 position is not required for 2-O methylation. These findings suggest that VSV evolved an unusual strategy of mRNA cap methylation that may be shared by other nsNS RNA viruses.
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capping ͉ evolution ͉ methyltransferase ͉ S-adenosyl-L-methionine E ukaryotic mRNAs possess at their 5Ј terminus a 7 m GpppN cap structure that is essential for mRNA stability and efficient translation (1, 2) . Formation of this structure requires a series of enzymatic reactions. First, the 5Ј triphosphate end of the nascent mRNA chain is acted on by a RNA triphosphatase to yield the diphosphate 5Ј ppN, which is capped by RNA guanylyltransferase (GTase). GTase transfers GMP through a 5Ј-5Ј linkage to yield GpppN. The capping guanylate is then methylated by a guanine-N-7 (G-N-7) MTase to yield 7 m GpppN. The cap structure can then be further methylated by a ribose-2Ј-O (2Ј-O) MTase to yield 7 m GpppN m pNpN (3) . The mRNA capping reactions are conserved among all eukaryotes (4) . The structures of the enzymes that catalyze these reactions have been determined, and their mechanism of action has been examined (5) (6) (7) .
Viruses of eukaryotes use the host translational machinery, and with the exception of viruses that use internal ribosome entry sites (8) , they do so by mRNA cap-dependent mechanisms. Many viruses have evolved their own mRNA capping machinery, among the best-studied example of which is the poxvirus vaccinia virus (VV). For VV, the RNA triphosphatase, GTase, and G-N-7 MTase activities are provided by a complex of two viral proteins, D1R and D12L (9, 10) . A separate viral enzyme, VP39, provides 2Ј-O MTase activity (11) . Other viruses have evolved distinctive approaches to cap formation. For example, the orthomyxoviruses, such as influenza A, encode a cap-dependent endonuclease that steals host cell mRNA caps to prime viral mRNA synthesis (12) (13) (14) . The alphaviruses, such as Sindbis, have evolved an S-adenosyl-L-methionine (AdoMet)-dependent GTase activity that results in the transfer of methylated GMP to form the 7 m GpppN cap (15) . The nonsegmented negative-sense (nsNS) RNA viruses use a unique method of cap formation. For vesicular stomatitis virus (VSV) (16) , spring viremia of carp virus (17) , and human respiratory syncytial virus (18) , the GTase transfers GDP rather than GMP. The cap structure of these viruses is methylated, usually at both the G-N-7 and 2Ј-O positions (19) (20) (21) (22) (23) (24) (25) (26) , but the details of these reactions are poorly understood.
Capping reactions of nsNS RNA viruses have been difficult to dissect, in part because the machinery does not respond to exogenous transcripts (27) . For VSV, complementation studies mapped the methylase activities to the L gene (19) , which encodes the 241-kDa large subunit (L) of the viral RNA-dependent RNA polymerase. Sequence comparisons among L proteins of nsNS RNA viruses identified six conserved regions, I-VI (28) . Signature polymerase motifs are present in region III of L protein, suggesting that it contains the active site for ribonucleotide polymerization, and this assignment was supported by L gene mutations (29) . Sequence alignments between 2Ј-O MTases and region VI of L protein identified a binding site for the methyl donor AdoMet and suggested that the active site comprised a conserved K-D-K-E catalytic tetrad (30, 31) . Consistent with a role in methylation, a fragment of Sendai virus (SeV) L protein that includes region VI was shown to exclusively G-N-7-methylate short, SeV-specific mRNAs (32) . For VSV, amino acid substitutions in region VI of L were shown to disrupt both G-N-7 and 2Ј-O methylation (33, 34) . Although these studies supported a role for region VI of L in cap methylation, they did not determine whether predicted catalytic or AdoMet-binding residues were required for 2Ј-O and͞or G-N-7 methylation. The triphosphatase and GTase activities are less well understood, although recent studies with human respiratory syncytial virus showed that resistance mutations to a chemical inhibitor that affected formation of the GpppN cap mapped to region V of L (35) .
In the present study, we evaluated the role of the predicted AdoMet-binding site in region VI of VSV L protein on mRNA cap methylation. We generated eight viruses with amino acid substitutions throughout this region. These viruses exhibit defects in cap methylation in vitro. Some substitutions resulted in defects only in G-N-7 methylation, whereas others prevented all cap methylation. These data support a unique strategy of cap methylation in which both methylases use a single AdoMet-binding site and in which G-N-7 methylation is not required for 2Ј-O methylation. These studies show that the cap methylase activities of VSV, like those of its GTase, are distinct to those of the host and provide evidence that the entire capping apparatus evolved a separate mechanism for mRNA cap formation.
Results

Amino Acid Changes to a Predicted AdoMet-Binding Site in VSV L
Protein. The AdoMet-dependent MTase superfamily contains a series of conserved motifs including a G-rich motif and an acidic residue (D͞E) that is involved in binding AdoMet (36) . Sequence alignments between nsNS RNA virus L proteins and MTases (30, 31) suggest that the AdoMet-binding residues of VSV L include G1670, G1672, G1674, G1675, and D1735 (Fig. 1) . To test the role of these residues in mRNA cap methylation, we engineered the L gene of an infectious cDNA clone of VSV to introduce substitutions in the predicted AdoMet-binding site. Each residue was individually substituted for alanine; or, for G4A, all four G residues were replaced with A; for G4AD, residue D1735 was also replaced with A. We also chose to modify flanking amino acid residues D1671 and S1673, of which D1671V was shown to prevent cap methylation in vitro (34) .
Recovery of Recombinant VSV (rVSV) with L Gene Mutations. Recombinant viruses were recovered from each of the L gene mutations. The viruses showed defects in viral growth as judged by their plaque morphology ( Fig. 1 and Table 1 ). The entire L gene of each virus was amplified by RT-PCR, and sequence analysis confirmed the presence of the mutation in seven of eight viruses. Recombinant G4AD encoded wild-type glycine at amino acids 1670 and 1672. Multiple attempts to isolate a virus containing all five substitutions were unsuccessful. Recombinant D1671V showed a noncoding change, A5776C. No other substitutions were detected within the L gene of these viruses.
To examine the effect of these mutations on viral growth, we determined the yield of virus from infected cells. Briefly, BHK-21 cells were infected at a multiplicity of infection (moi) of 3, and the viral titer was determined at 24 h after inoculation. The average titers from three experiments are shown (Table 1) . Virus yield correlated with plaque morphology in that recombinants G1670A, G1672A, D1735A, and S1673A had a 1-1.5 logarithmic growth defect compared with rVSV. Recombinants G1675A and D1671V had a 2-2.5 logarithmic growth defect, and G4A and G4AD had a Ͼ3 logarithmic growth defect.
L Gene Mutations Disrupt G-N-7 Methylation.
To determine whether the L gene mutations affect methylation, transcription reactions were performed in vitro in the presence of [␣-32 P]GTP or UTP. RNA was extracted and analyzed by electrophoresis on acidagarose gels. Each virus synthesized the five viral mRNAs, although the yield from G1675A, G4A, D1735A, D1671A, S1673A, and G4AD was diminished compared with rVSV ( Fig. 2A) . To deter- Plaques of rVSV and G1674A were developed after 24 h; those of G1670A, G1672A, G1675A, D1735A, D1671V, and S1673A were developed after 48 h; those of G4A and G4AD were developed after 96 h. pfu, plaque-forming units. *Plaque diameter was measured at 24 h after inoculation.
† Plaque diameter was measured at 48 h after inoculation. ‡ Plaque diameter was measured at 96 h after inoculation. § Percentage of RNA varied as follows:
mine the effect of these mutations on G-N-7 methylation, the products were digested with tobacco acid pyrophosphatase (TAP) (33) . TAP cleaves the pyrophosphate bond of the GpppN cap but does not cleave the mRNA, liberating Gp, or 7 m Gp if the cap was methylated (37) . These products are resolved by TLC on polyethyleneimine (PEI) cellulose F sheets. For rVSV, when reactions were performed in the presence of 200 M AdoMet, a single product of TAP cleavage was observed that comigrated with 7 m Gp (Fig. 2B , lane 2). Reactions performed in the presence of S-adenosylhomocysteine (SAH), the byproduct formed upon methyl group transfer from AdoMet during methylation, yield Gp, indicating that the cap structure was not methylated (Fig. 2B, lane 1) . Each of the mutants was defective in G-N-7 methylation (Fig. 2B, lanes 3-11) . Quantitative analysis (Fig. 2C ) showed that 7 m Gp accounted for 40% of the released cap structure for G1674A (Fig. 2B , lane 5) and 10% of the released cap structure for D1735A and S1673A (Fig. 2B , lanes 8 and 10). Recombinants G1670A, G1672A, G1675A, G4A, D1671A, and G4AD showed no detectable G-N-7 methylation, although each generated capped mRNA (Fig. 2B, lanes 3, 4, 6 , 7, 9, and 11).
Alterations to the AdoMet-binding site might alter the binding affinity of L protein for AdoMet. To test this, reactions were also performed in the presence of 1 mM AdoMet. Under these conditions, 7 m Gp accounted for 96% of the cap structure for G1674A (Fig. 2C) . For D1735A and S1673A, the extent of G-N-7 methylation was increased to 40% and 20%, respectively (Fig. 2C ). In addition, G1670A, G1672A, and G1675A all showed a low level of G-N-7 methylation ranging from 10% to 22% of the total cap structure (Fig. 2C ). Even at 1 mM AdoMet, G4A, D1671V, and G4AD failed to produce detectable levels of 7 m Gp (Fig. 2C) . These data show that substitutions to the predicted AdoMet-binding site diminish G-N-7 methylation (Fig. 5 , which is published as supporting information on the PNAS web site).
Effect of L Gene Mutations on G-N-7 and 2-O Methylation.
To examine the effect of these mutations on both methylations, transcription reactions were performed in the presence of [ 3 H]AdoMet, and RNA was analyzed by electrophoresis (Fig. 3A) . The N, P, M, and G mRNAs were visualized for rVSV, but not when reactions were supplemented with SAH (Fig. 3A, lanes 1 and 2) . Similar amounts of labeled RNA were observed for G1674A (Fig.  3A , lane 5), consistent with efficient methylation. Recombinants G1670A, G1672A, and S1673A generated detectable levels of RNA (Fig. 3A, lanes 3, 4, and10) . Methylated RNA was not detected for G1675A, G4A, D1735A, D1671V, or G4AD (Fig. 3A , lanes 6-9 and 11).
To confirm that mRNA was present, the samples shown in Fig.  3A were examined by primer extension assay. For each virus, an 80-nt product was detected, which corresponded to the 5Ј end of the N mRNA (Fig. 3B ). Quantitative analysis (data not shown) showed that the levels of N mRNA detected were consistent with the [ 32 P]GTP incorporation data (Fig. 2 A) . The amount of [ 3 H] incorporated into the RNA was determined by scintillation counting and the dpm normalized to the amount of RNA synthesized (Fig. 3C) . The level of incorporation of [ 3 H]AdoMet into RNA by recombinants G1670A and G1672A was 50% that of rVSV. Based on the reduced G-N-7 methylation (Fig. 2B) , these data suggested that the mRNAs synthesized by G1670A and G1672A might be fully 2Ј-O-methylated.
To examine this, the [ 3 H]AdoMet-labeled products of transcription were subjected to nuclease P1 digestion followed by TLC on PEI cellulose F sheets. P1 cleaves the bond between the 3Ј-hydroxyl and 5Ј-phosphoryl group of adjacent nucleosides. Cleavage of VSV mRNAs by P1 should yield 7 m GpppA m , GpppA m , 7 m GpppA, or GpppA, depending on the extent of cap methylation. For rVSV, a single [ 3 H] product of P1 cleavage was observed (Fig. 3D, lane 2) , consistent with the fully methylated cap structure 7 m GpppA m . No detectable products were seen when SAH was included in the reaction (Fig. 3D, lane 1) . The extent of cap methylation varied for each mutant. For G1670A and G1672A, two products of P1 cleavage were visible. Approximately 20% of the released cap comigrated with the product obtained from rVSV, suggesting that it represented 7 m GpppA m (Fig. 3D, lanes 3 and 4) . The remaining 80% did not comigrate with a 7 m GpppA marker, suggesting that it was GpppA m . For G1674A, 95% of the cap structure migrated with 7 m GpppA m (Fig. 3D, lane 5) . The remaining mutations affected all cap methylation (Fig. 3D, lanes 6-11) . Low levels of 7 m GpppA m were detected for D1735A (Fig. 3D, lane 8) , and some 7 m GpppA m and the potential GpppA m product was detected for S1673A (Fig.  3D, lane 10) . Taken together, these experiments suggested that the mRNA caps of G1670A and G1672A are 2Ј-O-methylated but not efficiently G-N-7-methylated, that G1674A has a slight defect in G-N-7 methylation, and that all other substitutions affected both methylase activities. The in vitro synthesis reactions were performed in the presence of a cell lysate to increase RNA yields and facilitate detection of the 3 H-labeled cap structures. These conditions did not significantly affect G-N-7 methylation (Fig. 6 , which is published as supporting information on the PNAS web site).
To confirm that G1670A and G1672A were defective in G-N-7 methylation but not 2Ј-O methylation, we performed additional cap hydrolysis experiments. The [ 3 H]AdoMet-labeled RNA of rVSV, G1670A, G1672A, and G1674A was digested with combinations of P1, TAP, and alkaline phosphatase (AP) (Fig. 3E) . TAP digestion of rVSV and G1674A mRNA released 7 m Gp, 15% of which was observed on cleavage of G1670A and G1672A mRNA (Fig. 3E,  lanes 1-5) . Digestion of rVSV and G1674A RNA with P1, TAP, and AP yielded two spots of equal intensity that comigrated with unlabeled 7 m G and 2Ј-O m A markers (Fig. 3E, lanes 6 and 9) . By contrast, digestion of G1670A and G1672A mRNAs showed A m levels higher than 7 m G (Fig. 3E, lanes 7 and 8) . These data confirm that G1670A and G1672A are defective in G-N-7 methylation but not 2Ј-O methylation. Additional cap hydrolysis experiments provide further support for this finding (Fig. 7 , which is published as supporting information on the PNAS web site).
Effect of L Gene Mutations on Viral Gene Expression.
The above experiments showed that alterations to a predicted AdoMetbinding motif in L protein diminished viral replication in cell culture and cap methylation in vitro. We expected that this reduction would be accompanied by a decrease in viral gene expression in infected cells.
To examine viral RNA synthesis, BHK-21 cells were infected at an moi of 3, and RNA was labeled by incorporation of [ 3 H]uridine in the presence of actinomycin D from 3 to 6 h after inoculation. Total cytoplasmic RNA was extracted, purified, and analyzed by electrophoresis on acid-agarose gels (Fig. 4A) . Quantitative analysis showed that levels of replication were enhanced 2.5-fold for G1675A, yet transcription was reduced 2-fold (Fig. 4A, lane 5) . This effect was more pronounced when G1675A was combined with substitutions G1674A and D1735A (Fig. 4A, lane 6) or G1670A, 1672A, and 1674A (Fig. 4A, lane 10) such that replication was enhanced 4-fold over rVSV levels. When mRNA levels were normalized to the replication products (V), recombinants G1675A, G4A, and G4AD synthesized 15-25% of the mRNA per genome compared with rVSV (Fig. 4C) .
To examine viral protein synthesis, BHK-21 cells were infected at an moi of 3, and proteins were labeled by the incorporation of [ 35 S]Met-Cys from 3 to 6 h after inoculation. Cytoplasmic extracts were prepared and analyzed by SDS͞PAGE (Fig. 4B) . Quantitative analysis showed 2-fold less L protein in cells infected with recombinants G4A, D1735A, and S1673A (Fig. 4D) . Differences in the abundance of other viral proteins were modest. These data demonstrate that the levels of protein synthesized did not correlate well with the levels of mRNA synthesized.
Discussion
Using genetic and biochemical approaches, we determined the role of a predicted AdoMet-binding motif in region VI of VSV L protein in mRNA cap methylation. We generated eight recombinant viruses with amino acid changes throughout the predicted AdoMetbinding site and examined the effect of these alterations on cap methylation and gene expression. The data show that a single predicted AdoMet-binding site is required for both mRNA cap methylase activities and that G-N-7 methylation is not required for 2Ј-O methylation. These experiments provide evidence that the nsNS RNA viruses have evolved a unique strategy of cap methylation. The RNA GTase activities of these viruses are also unique, demonstrating that the entire capping apparatus of these viruses evolved a separate mechanism to that of their hosts.
A Single AdoMet-Binding Site for both mRNA Cap Methylases. Sequence alignments suggested the presence of an AdoMet-binding site within region VI of the L protein of nsNS RNA viruses (30, 31) . Alterations to this site reduced either G-N-7 or both G-N-7 and 2Ј-O methylation. However, none of the substitutions resulted in defects only in 2Ј-O methylation. The observation that G1670A and G1672A diminished G-N-7 methylation but not 2Ј-O methylation demonstrates that, in contrast to other mRNA cap methylation reactions (3), G-N-7 is not required for 2Ј-O methylation. Recombinant S1673A showed significantly reduced cap methylation, but the defect in G-N-7 was more pronounced than that in 2Ј-O. All other substitutions affected both methylations equally, suggesting that the two activities use the same AdoMet-binding site.
In prior work, the K m of the two methylase activities for AdoMet was shown to be 0.5 M for 2Ј-O and 10 M for G-N-7 (26) . We show that substitutions at G1670 and G1672 inhibit G-N-7 methylation but not 2Ј-O methylation. A plausible explanation is that these changes reduce the efficiency of AdoMet binding such that only G-N-7 activity is affected, consistent with its higher K m . This finding could also explain the observation that G1675A had partial G-N-7 activity at 1 mM AdoMet but not at 200 M AdoMet (Fig.  2C) . The remaining substitutions might increase the K m for AdoMet to a level at which L protein no longer binds AdoMet even at 1 mM.
Biochemical and structural studies of other cap methylases suggest that the mechanism by which 2Ј-O and G-N-7 methylation are catalyzed are distinct (4, 7, (38) (39) (40) , which seems incompatible with the use of a single AdoMet-binding site for both activities. However, in most systems, the two activities are catalyzed by separate proteins, each of which has its own AdoMet-binding site, or, in the case of reovirus, the two activities are catalyzed by separate domains of the same protein (41, 42) . Here, we show that amino acid substitutions to a single predicted AdoMet-binding site affect either G-N-7 methylation or both 2Ј-O and G-N-7 methylation. These data are consistent with both methylases using the same AdoMet-binding site and suggest that, if there is an obligatory order of methylation for VSV, 2Ј-O occurs first. Perhaps AdoMet and RNA bind the methylase domain, and the mRNA is first methylated at the 2Ј-O position, which induces a conformational change in L such that a subsequent molecule of AdoMet binds and favors the G-N-7 activity.
A Different Order of mRNA Cap Methylation? Conventional cap methylation occurs through a series of reactions where two separate enzymes sequentially methylate the RNA, with G-N-7 occurring first (3). Structural and biochemical analysis of the vaccinia virus 2Ј-O MTase, VP39, shows that the 7 m G stabilizes RNA binding to VP39 (38) (39) (40) 43) . A host range mutant of VSV, hr8, was shown to synthesize mRNA cap structures that lacked G-N-7 but were partially 2Ј-O-methylated (44) . Here, we found that substitutions to a predicted AdoMet-binding site in VSV L protein affected either G-N-7 alone or both G-N-7 and 2Ј-O methylases. Two possible explanations are consistent with these observations: either there is no mandatory order to the cap methylation reactions of VSV, or 2Ј-O methylation is required for G-N-7 methylation. In prior work, 2Ј-O-methylated RNAs were chased into fully methylated mRNAs in vitro (26) , consistent with a distinctive order of methylation. However, other studies with VSV also support the conventional order (45, 46) . For other nsNS RNA viruses, a fragment of Sendai virus L protein that includes region VI was shown to exclusively G-N-7-methylate (32), and Newcastle disease virus produces mRNAs that are not 2Ј-O-methylated (47) . These studies show that 2Ј-O is not required for G-N-7 methylation in these two paramyxoviruses, indicating that the order of cap methylation in nsNS RNA viruses is not mandatory. It will be of interest to determine whether the predicted catalytic residues, previously shown to be essential for all cap methylation in VSV (33) , directly participate in both methylation reactions.
Model for 5 End mRNA Modifications. The details of the mechanism of VSV mRNA synthesis are beginning to emerge. We propose that our findings fit with the emerging model in the following way. The polymerase initiates mRNA synthesis in response to a specific gene-start sequence, and at some point shortly after initiation, the nascent RNA transcript gains access to the mRNA capping machinery, where a series of sequential reactions occurs. A yet to be identified phosphatase trims two phosphates from the 5Ј end of the initiated RNA, and an unidentified GTase activity transfers GDP onto the nascent RNA chain to form a 5Ј-5Ј GpppA cap structure. These two activities presumably reside within L protein. The nascent RNA chain is then methylated, likely first at the 2Ј-O position and second at the G-N-7 position. These two methylase activities have a unique property in that they appear to share a single binding site for the methyl donor, AdoMet.
A Role for AdoMet Binding in Regulating Polymerase. Remarkably, viruses G1675A, G4A, and G4AD showed a significant alteration in the products of transcription and replication (Fig. 4A) . Replication was enhanced 2.5-to 4-fold, and transcription decreased up to 8-fold compared with rVSV. Although we do not know the basis for this perturbation in polymerase activity, it is tempting to speculate that AdoMet binding directly influences the template activity of the polymerase. Perhaps binding of AdoMet to L protein favors a conformation that is adopted by the transcriptase, whereas L protein that lacks AdoMet adopts a conformation that favors formation of the replicase. Additional experiments are needed to clarify this intriguing phenotype. 
Rational Attenuation of nsNS RNA Viruses Through Ablation of Their
Methylase Activities. These studies, combined with our earlier work, suggest that ablating nsNS RNA virus cap methylation might represent a useful way to rationally attenuate these viruses for development of live attenuated vaccines and their exploitation as viral vectors for vaccines (48) , oncolytic therapy (49) , and gene delivery (50) . We showed previously that substitutions to the conserved MTase catalytic residues KDKE diminished virus yield 1-3 logs in cell culture (33) , and in this study, we demonstrate that substitutions within the AdoMet-binding site similarly diminish virus replication. In both cases, these substitutions ablate the same function: mRNA cap methylation. By combining multiple substitutions within this region, it should be possible to generate an attenuated virus that is genetically stable, because reversion to wild type at any single amino acid should not provide a fitness gain.
In summary, we show that the two mRNA cap methylase activities of VSV use a single predicted AdoMet-binding site to methylate the viral mRNA and that 2Ј-O methylation can occur without G-N-7 methylation. These data add a significant dimension to the concept that the mRNA capping reactions of the nsNS RNA viruses are unique and represent attractive targets for antiviral intervention by providing genetic and biochemical evidence that demonstrates that the cap methylase activities of these viruses are also unusual.
Materials and Methods
Plasmid Construction and Recovery of VSV. Plasmids encoding the VSV N, P, and L proteins and an infectious cDNA clone of VSV, pVSV1(ϩ), were as described in ref. 51 . Mutagenesis and sequence analysis of the L gene was performed as described in ref. 33 . rVSV was recovered from cDNA by transfection of BSR-T7 cells (52) infected with a recombinant vaccinia virus expressing T7 RNA polymerase (53) as described in ref. 54 . Cell culture fluids were harvested at 48-96 h after transfection, and the virus was isolated, purified, and sequenced as described in ref. 33 .
Transcription of Viral RNA in Vitro. Viral RNA was synthesized in vitro by using 10 g of purified virus as described in refs. 55 and 56. Reactions were performed in the presence of 1 mM ATP; 0.5 mM CTP, GTP, and UTP; 0-1 mM AdoMet or SAH; and 15 Ci (1 Ci ϭ 37 GBq) of [␣- 32 Primer Extension Assays. A minus sense oligonucleotide, nucleotides 130-115 of the VSV genome, was end-labeled by using [␥-
32 P]ATP and T4 polynucleotide kinase (Invitrogen). The labeled primer was purified, and 7.5 pmol was annealed with 1͞25 of the total RNA from an in vitro transcription reaction and extended by Superscript III reverse transcriptase (Invitrogen) at 50°C (56) . Products were analyzed by electrophoresis on denaturing 6% polyacrylamide gels and detected by phosphoimage analysis.
Scintillation Counting. Aliquots of purified RNA were mixed with 4 ml of ReadySafe scintillation mixture (Beckman Coulter), and dpm was measured by using a 1414 series counter (PerkinElmer).
Gene Expression. Viral RNA and protein synthesis were examined in BHK-21 cells. Cells were infected at an moi of 3 and exposed to [ 3 H]uridine or [
35 S]Express from 3 to 6 h after inoculation; cytoplasmic extracts were prepared, and proteins and RNA were analyzed as described in ref. 33 .
Quantitative Analysis. Densitometric scanning of autoradiographs and phosphoimage analysis were as described in ref. 33 . Statistical analysis was performed on three to five independent experiments, and the mean Ϯ SD was expressed. The significance of the values was determined by a paired Student t test.
